I. INTRODUCTION
Ferecrystals are a new class of layered intergrowth compounds characterized by in-plane crystallinity, abrupt interfaces, layer-to-layer misorientation, and turbostratic disorder. Regarded as a state of solid matter intermediate between crystalline and amorphous, these materials have been successfully synthesized by the modulated elemental reactants (MER) method, which was recently applied to prepare layered compounds of the composition [(MSe) 1+δ ] m [TSe 2 ] n for 1 ≤ m, n ≤ 15 [1] [2] [3] [4] [5] [6] [7] , where M = Pb, Bi, or Ce, and T = Nb, Mo, or Ta. The non-epitaxial relationship between the component materials, and the ability to precisely control nanostructure with atomic precision, e.g. component layer thicknesses (m and n), present a unique opportunity to systematically study the effects of m and n values and layer composition on the structural and physical properties of these materials. In addition to unusual structural characteristics, these materials have been found to possess remarkable physical properties, including ultralow thermal conductivity in the cross-plane direction (i.e. along the intergrowth axis) [3] [4] [5] . This has been attributed to the rotational, turbostratic disorder between the precisely stacked layers, which likely precludes the presence of extended heat-carrying phonons in this direction [2] .
The unusual nanostructure and disorder in these unconventional materials presents unique challenges to their structural characterization. Consequently, the fundamental understanding of the formation pathways and detailed local structure is still developing. This understanding is central to establishing structure-property relationships in ferecrystals and may also provide insight into the nature of the underlying mechanisms and conditions for formation of turbostratic disorder in layered materials prepared by the MER approach. Motivated by this, we have recently initiated comprehensive investigations of the nanostructure of these materials using modern transmission electron microscopy (TEM) techniques.
Here we describe preliminary results from these investigations for several new ferecrystal compositions containing SnSe, namely [(SnSe) 1+δ ] m [TSe 2 ] n with T = Mo, Ta, for 1 ≤ m, n ≤ 30. High resolution TEM (HRTEM) and high angle annular dark field (HAADF) scanning TEM (STEM) were used to study the detailed atomic structure of the individual intergrowth components as well as the characteristics of turbostratic disorder and its relationship to component composition and structure in these new SnSebased ferecrystal compositions.
II. EXPERIMENTAL DETAILS
The MER method involves the layer by layer physical vapor deposition of thin film elemental nanolaminate precursors on Si (001) substrates using a custom designed high vacuum chamber as described in detail elsewhere [1] [2] [3] . These precursors are prepared such that they possess a spatially modulated composition that closely resembles the target [(MSe) 1+δ ] m [TSe 2 ] n intergrowth. The deposition sequence and amount of each element was controlled such that upon gentle heating (annealing temperatures of 300 o C to 450 o C for 1 h in a N 2 atmosphere) the modulated precursor comprised of the constituent elements selfassembles into the respective intergrowth [1] [2] [3] . The resulting intergrowth compounds are stable at room temperature and in air. Structure and chemical composition of the films were analyzed by TEM/STEM techniques including C s aberration corrected HRTEM imaging, electron diffraction and EDX spectroscopy. In addition, the thin film X-ray reflectivity, X-ray diffraction, and electron probe microanalysis, have been employed to assess film uniformity, multilayer structure, and chemical composition. Synchrotron X-ray diffraction data (energy: 13.1 keV) were collected at the 33-BM-C instrument at the Advanced Photon Source.
TEM/STEM investigations were performed using a JEOL 2200FS microscope at 200kV (Humboldt University, Berlin, Germany) and a C s aberration corrected FEITitan80-300 electron microscope at 300kV (University of Oregon, Eugene). The HRTEM contrast for SnSe and MoSe 2 structures as function of thickness and defoci has been calculated by the commercial software JEMs [8] using the multislice method [9] . The characterization of the chemical composition of the layers was accomplished by energy dispersive X-ray spectroscopy (EDXS). The crystal orientation and phase mapping of ferecrystals was carried out by means of the ASTAR/DigiSTAR system of NanoMegas at a JEOL 2200FS.
Cross-sectional samples of the ferecrystals were prepared either by focused ion beam (FIB) slicing using a FEI Helios dual beam FIB or by the conventional method that includes polishing, subsequent dimpling and finally ion milling.
III. RESULTS AND DISCUSSIONS
We begin with a brief discussion of the crystal structures of the parent compounds for the [(SnSe) 1+δ ] m [TSe 2 ] n intergrowths. The bulk SnSe crystal structure ( Fig. 1) at room temperature and atmospheric pressure is the orthorhombic structure (structure type B16, space group Pnma, see Fig.1 ). These orthorhombic structures can be described as double-layer deformed rock salt crystal lattices [10, 11] . On the other hand, TSe 2 crystals (T=Mo, Ta in this study) are known to form several polytypes including: 2H hexagonal structure with space group P6 3 /mmc ( Fig. 2 ) and 3R rhombohedral structure with space group R3m (not shown). [12, 13] . MLCs consist of the alternate stacking of two types of layers along the caxis, MX and TX 2 with X = S, Se, O; M = Sr, Ca, Bi, Pb, Ba, and T = Nb, Ta, Ti, Co, Rh, Cr. Similar to (1,1) ferecrystals, MLCs have two types of layers with different chemical compositions, and distinct individual periodicities parallel to the layers. MLC sub-structures often possess a common reciprocal lattice plane (a*, c*) in one direction [13] , while in the perpendicular direction b*, collinear lattice parameters have an incommensurate length ratio. For example, in the Nb or Ta ternary rare-earth chalcogenides, the MX layer frequently is a two atoms thick distorted rock salt layer oriented along [001], or another pseudoquadratic structure. It alternates with a variable number of hexagonal sandwiched layers of the MoS 2 structure type (oriented along [001]) with the transition metal atom in a trigonal prismatic coordination [14, 15] . However, the layers in ferecrystals may not possess the same orientation relationship between components observed in MLCs, a characteristic of turbostratic disorder.
For the present study, the [(SnSe) 1+δ ] m [MoSe 2 ] n ferecrystals with various (m,n) values including (1,1), (4, 4) , (16, 16) , (21,4), (100,4) were selected for the analysis.
X-ray diffraction data collected from the [(SnSe) 1+δ ] m [TSe 2 ] n in the specular geometry (not shown) contain welldefined diffraction peaks which could be indexed to the family of (00l) reflections corresponding to the intergrowth repeat period, i.e. the SnSe and TSe 2 repeating unit.
However, when using an appropriate off-specular geometry, diffracted intensity originating from the individual components separately, as opposed to the coherent intergrowth (i.e. superlattice-type reflections), is observed. (4,4) and (16, 16) , respectively, using an area detector and an incident angle of θ = 0.6 o . This section of the X-ray diffraction data shows two sets of reflections which can be attributed to the individual intergrowth constituents SnSe (left) and MoSe 2 (right). In Figure 3 (a), the SnSe and MoSe 2 reflections are both strongly elongated vertically (along z direction where z is normal to the surface of the sample). This is a characteristic of truncation diffraction rods in reciprocal space resulting from the finite thickness of the SnSe and MoSe 2 layers along the intergrowth direction (z direction), and a lack of registry between the layers. Upon increasing of (n,m) values from (4, 4) to (16, 16) , the MoSe 2 diffraction peaks show little change, but the SnSe reflections become significantly sharper along z direction. This indicates that the average coherence length along the intergrowth direction for the SnSe component increases with (m,n) value, but it practically does not change for the MoSe 2 . As revealed by HRTEM below, this is a result of substantial intra-layer turbostratic disorder within the MoSe 2 component, which is lacking within the individual blocks of the SnSe component. (Fig. 4) 16 ferecrystal while it remains practically the same for MoSe 2 crystallites, independent of n.
Thus, the ferecrystals appear to have a highly textured nano-crystalline structure with component crystallites almost perfectly oriented in the z direction, but misoriented within the basal plane. This is evidenced by the black-andwhite contrast observed on the images (see e.g. Fig. 4) .
The interfaces between SnSe and MoSe 2 layers (Figs. 4 and 5) appear smooth and abrupt, and the thicknesses of the layers are uniform over substantial distances. The latter observation also agrees well with X-ray diffraction data collected in the specular geometry (vide supra) which show sharp diffraction peaks to relatively high order (i.e. angle) consistent with a high degree of order and uniform thicknesses of the component layers.
The observation of different orientations in the HRTEM images is indicative of rotational or turbostratic disorder (some layers randomly change the orientation within the columnar domains). As revealed in Fig. 5 , the latter appears to be more typical for MoSe 2 than SnSe, which instead appears to form a coherent domain through the thickness of the layer. This is in agreement with the XRD data of Fig. 3 , which suggest the average coherence length along z within the SnSe component increases with m, but is relatively unaffected by n for MoSe 2 . Turbostratic disorder has been observed earlier in ferecrystals of various compositions [1] [2] [3] [4] [5] [6] [7] and is one of the differentiating characteristics between ferecrystals and MLCs [12] [13] : the latter intergrowths exhibit long range crystalline order, whereas the former do not. The higher defect density and higher degree of rotational disorder in MoSe 2 are also clearly observed in Fig. 6 , which shows a bright-field cross-sectional TEM image of the [(SnSe) 1+δ ] 16 [MoSe 2 ] 16 ferecrystal. The black and white contrast is due to changes in orientation of the crystallites and local structure distortions. One can see that SnSe has large areas of bright and dark contrast corresponding to different orientations of large "crystallites", while the [MoSe 2 ] 16 contiguous layers exhibit spotty contrast indicating a higher degree of local misorientations. Thus, the intergrowth structure seems to be somewhat modulated: the SnSe layers are well-oriented over a longer distance both parallel and perpendicular to the intergrowth direction in comparison to the MoSe 2 layers.
The lateral size of the SnSe domains on average is also larger as compared to the MoSe 2 domains. The MoSe 2 layers contain more crystal defects (grain boundaries, stacking faults, turbostratic disorder) on average and are more heavily disordered. The above observations lend insight into the resulting turbostratic disorder in layered materials prepared by MER.
Although SnSe and MoSe 2 are both characterized as layered materials, the latter displays substantial intra-layer (i.e. MoSe 2 -MoSe 2 ) disorder but the former, in contrast, does not (i.e. SnSe-SnSe).
Both SnSe and MoSe 2 layers contain crystal lattice defects such as domain boundaries, stacking faults and local structure distortions (Figs. 4 -7) . The interfaces between the SnSe and MoSe 2 layers are almost atomically abrupt, however, the atomic structure at the interfaces may be different within one or two monolayers. The intercomponent bonding between SnSe and MoSe 2 layers seems to be much weaker than the bonding within the SnSe and MoSe 2 layers. This is suggested by the observation of occasional peeling of the individual layers during sample preparation or mechanical stress in the FIB prepared sample. While turbostratic disorder was not observed in the SnSe component, we have observed on occasion stacking faults (SFs) within SnSe layers (see Figs. 7 and 8) . Such defects are easier to observe in thicker SnSe layers which exhibit no turbostratic disorder as compared to MoSe 2 layers of similar thickness. Four SFs in SnSe layers are visible in Fig. 7 , and are marked by white horizontal lines in enlarged image of this area (Fig. 8) .
Based on our observations, we conjecture that the different physical properties, e.g., bond energy, melting temperature, atom mobility, and crystal-chemistry of the SnSe and MoSe 2 components influence the formation of turbostratic disorder upon nucleation and growth from the MER precursor. For example, relatively strong intra-layer bonding in SnSe may result in a relatively high energy penalty for such rotational disorder in stacking, which may not be the case for MoSe 2 . In addition to the rotational disorder, an important question in these novel intergrowth compounds pertains to the local structure of the individual components, in this case MSe and TSe 2 . Synchrotron X-ray and HRTEM data suggest that the SnSe ferecrystals have mainly GeS-type orthorhombic structure (Fig. 1) while MoSe 2 has 2H hexagonal structure (Fig. 2) . We investigated the structure of [(SnSe) 1+δ ] m [MoSe 2 ] n ferecrystals at higher magnification and at atomic level (see e.g. Fig. 9) . A careful inspection of the HRTEM images ( Fig. 9 ) and nano-beam electron diffraction patterns (Fig.  10) suggest that the structure of SnSe is mainly orthorhombic while MoSe 2 has primarily a hexagonal 2H structure in good agreement with X-ray data (Fig. 3) .
The HRTEM contrast for SnSe and MoSe 2 structures as function of thickness and defoci have been calculated by the multislice method [9] . The simulated HRTEM images (not shown) evidence that the images of relatively thin crystals (<10 nm) taken under very small values of C s and defocus (close to zero) can be directly interpretable if the crystal is oriented parallel to a low index zone axis. The atomic columns will appear bright on the image. The image shows some indication of the turbostratic disorder between the layers, but also a local ordering. Some low indexed zone axes projections for SnSe and TaSe 2 could be identified as sketched in the insets to Fig. 12 .
HRTEM images of the binary structures were calculated by the multislice method. For these calculations, the structure of SnSe has been assumed to be the same as in the misfit layered compound [(SnSe) 1+δ ] 1 [NbSe 2 ] 1 investigated by Wiegers and Zhou [16] . The structure of TaSe 2 is very similar to that of NbSe 2 , however finding the orientation relationships between the layers in the ferecrystals is more challenging as compared to misfit layered compounds due to the rotational disorder. For the TaSe 2 binary compound, the 2H-polytype with trigonal prismatic coordination of Se around Ta was in best agreement with the projections in the TEM images. The calculations of the HRTEM images show that the images are directly interpretable, bright areas are indicating atom positions. In the other areas of the image the electron beam is not parallel to a low index zone axis but one can see alternating layers -one consists of two bright rows and the other is made up of three bright rows. The former can be assumed to be SnSe and the latter TaSe 2 . The image was scaled by using the known distances between the atoms of the silicon substrate. In the areas of the ferecrystal where the orientation could be identified, the distances between the atom positions were measured and they agree with the results of the X-ray measurements.
The orientation of the basal plane units (domains) within the layers can also be determined by a semiautomatic technique for the mapping of nanocrystal phases and orientation in the TEM using PED [17] . This method also confirmed that the majority of basal plane units is oriented parallel to the substrate surface (c-axis of the layers is parallel to the normal of the substrate). The basal plane units of 2 to 6 nm size are randomly oriented within the a-b plane.
IV. SUMMARY AND CONCLUSIONS
In addition to X-ray diffraction measurements systematic TEM/STEM studies, including PED orientation measurements enable local structure analysis of ferecrystals at atomic scale of magnitude. The obtained results allow valuable conclusions regarding the growth procedure and growth parameters for tailoring the properties of the ferecrystals.
